SYNOPSIS. Viviparity has evolved many times in many lineages of vertebrates. Many evolutionary scenarios for the evolution of viviparity, or structures associated with it, have been proposed. Many of these are testable using methodologies developed recently. Some structures that facilitate viviparity (e.g., corpora lutea and oviducts) are homologous, for they are inherited from an ancestor in a lineage. More such structures (e.g., placentas and placental analogues) are convergences, for they appear in diverse lineages but are not traceable to a common ancestor. Conservatism and constraint characterize many, but not all, such convergences. A phylogenetic hypothesis facilitates identification of homologies and convergences, and the testing of evolutionary scenarios.
INTRODUCTION
There has long been interest in the evolution of viviparity among groups of vertebrates. Many correlates to live-bearing have been observed, such as internal fertilization, reduced numbers of ova, and prolonged developmental periods. Yet, there is still not real agreement on the vocabulary of viviparity, or on the modes of selection and costs and benefits of the phenomenon (Packard et al., 1989) . Viviparity is generally construed as any mechanism for livebearing, or maintenance through part or all of development, by either maternal (usually) or paternal parent in or on any part of the body {e.g., ovary, follicle, oviduct or uterus, skin, vocal sacs, stomach) (summarized in Wake, 1989) . Other terminological schemes recognize categories of livebearing, such as ovoviviparity (to some, such as Wake [1982] , maintenance of developing young through part or all of development with no provision of nutrition beyond that of the yolk), and viviparity (provision of parental nutrition after the yolk is exhausted), and categories of nutrient provision {e.g., lecithotrophy = yolk eating; matrotrophy = maternal provision of nutrition after the yolk is exhausted [Wourms, 1977 [Wourms, , 1981 Wourms^al, 1988] ). The key point is that too little is known of nutrient 1 From the Symposium on Evolution of Viviparity in Vertebrates presented at the Annual Meeting of the American Society of Zoologists, 27-30 December 1990, at San Antonio, Texas. transport and gaseous exchange in most taxa of live-bearing vertebrates, so that there are no clear boundaries for the categories of most of the terminology of live-bearing. These therefore are broadly permissive definitions, which are useful but which do not often give us tools for analyzing patterns of evolution.
Viviparity has arisen de novo in many lineages of vertebrates, extinct and extant (Amoroso, 1968; Blackburn, 1982 Blackburn, , 1985 Guillette, 1987; Guillette and Hotten, 1986; Hogarth, 1976; Lillegraven et al., 1987; Matthews, 1955; Salthe and Duellman, 1973; Salthe and Mecham, 1974; Shine, 1985; Shine and Guillette, 1988; Tinkle and Gibbons, 1977; Wake, 1982 Wake, ,1989 Wourms, 1977 Wourms, , 1981 Wourms et al., 1988) . I shall largely ignore mammals in this consideration, for the lineage is relatively well explored and the evolution of viviparity, particularly in eutherians, has only occurred once or twice (Lillegraven et ai, 1987) , and then proceeded along various rather constrained paths. Diverse "natural experiments" in the acquisition of viviparity have taken place in chondrichthyans, osteichthyans, amphibians, and reptiles. There are significant similarities and major differences in the characteristics of viviparity among these groups. We are only now reaching the point that we can evaluate these features in an evolutionary context.
There are many approaches to the study of the evolution of complexly integrated phenomena such as viviparity, which include morphological, physiological, developmental, ecological, and behavioral parameters. We can examine:
1. model systems (single species or groups of species, such as sharks or lizards) to examine one or more of the parameters of the complex; 2. comparative biology within and across lineages;
3. comparison of non-mammalian model systems or lineages to the mammalian condition.
Complexity has led us to construct general hypotheses of the evolution of phenomena, or evolutionary scenarios. Scenarios are proposals of general patterns of evolution, including sequences of change. I know of few areas of biology for which there are as many evolutionary scenarios in the literature as that of the evolution of viviparity.
EVOLUTIONARY SCENARIOS OF VIVIPARITY
Several general hypotheses of the evolution of live-bearing modes of reproduction involve inferred transitions from 1) the laying of many, small ova that are fertilized externally and then abandoned, often in an aquatic environment and with free-living larvae (oviparity), 2) to the depositing of a fertilized clutch of relatively few but large eggs on land, often with parental care and with hatching of metamorphosed juveniles (direct development), 3) to retention in or on the parental body of few, small to large, internally fertilized ova that develop to various stages, including through metamorphosis, but without "significant" parental nutrition in addition to yolk (ovoviviparity), 4) to maintenance of developing young usually in the maternal oviducts with provision of significant nutrition after yolk is resorbed, nutrition being obtained via direct ingestion, placentae, or placental analogues (viviparity) (see summary in Wake, 1982 Wake, , 1985 Wake, , 1989 . For example, Amoroso (I960) and Hamlett (1989) , and others, suggested such scenarios for fishes; Packard et al. (1977) and Tinkle and Gibbons (1977) examined scenarios proposed for reptiles. Browning (1973) proposed an evolutionary scenario for the evolution of the corpus luteum in vertebrates, to which I will return. Amoroso et al. (1979) speculated on hormones and the evolution of viviparity. Recently Shine and Guillette (1988) proposed a physiological model for the evolution of reptilian viviparity that is based on progesterone control of egg retention. It, too, is really an evolutionary scenario. Matthews (1955) and Amoroso (1968) discussed the evolution of viviparity in all vertebrates. Each of these descriptions, and many others, constitute general evolutionary scenarios.
However, evolutionary scenarios were roundly criticized by Gould and Lewontin (1979) as adaptationism, with data used to explain the comparative biology of those data, and then adaptation assessed in an historical context. They noted that the speculative pathways proposed were often the end-points of analysis. Gans (1989) critically examined the utility of evolutionary scenarios. He pointed out that assessment of the origin of structures and systems is often reliant on evolutionary scenarios, or outlines of hypothesized chains of events, and these chains of events are also phylogenetic scenarios. He proposed a set of rules for establishing scenarios:
1. They should be derived from a phylogenetic scheme.
2. They should be based on the best information about the biology of extant members of the group.
3. They may be based on several assumptions, such as acceptance of natural selection and adaptation as currently characterized.
4. Any phenotypic pattern may be derived through more than one adaptive pathway.
5. Each hypothesis must be framed so that its merits can be evaluated.
Gans notes that scenarios are probability assessments, and that the most probable path might not be followed. He accepts methodological parsimony as necessary in generation of scenarios, but is concerned that uncertainty because of inadequate evidence affects plausibility arguments. He therefore advocates a range of potential scenarios whose stages have different probabilities. The most important aspect of Gans' view is that scenarios must be testable hypotheses. Since evolutionary events are historical and cannot be tested directly, tests may be made of corollaries of the hypotheses.
To put such studies in an evolutionary framework, it is important to relate to a phylogenetic hypothesis. For example, when we compare elasmobranch and mammalian viviparity and find similarities and differences, we intuitively draw our conclusions based on assumptions of the polarity of the characters we are evaluating and the presumed ancestral condition of more ancient lineages-an implicit phylogenetic hypothesis. But, if features that we include in our evaluation characterize all members of the group under consideration, they yield little or no information about derivation and evolution (they are plesiomorphies). We therefore seek derived features, or characters, that give information about divergence and change from an ancestral state within a lineage (apomorphies). This is complex when analyzing a phenomenon like viviparity. There are many ways to examine the recurrent themes of morphological structure, internal fertilization (of diverse morphology, behavior, etc.), and physiology, especially endocrinology, ecology, and behavior. We must sort out the themes, similarities, and differences that we see. We must distinguish between homologies (synapomorphies-shared, derived characters) and homoplasies (convergences, parallelisms, and reversals of characters). Methodologies for such analysis have been developed recently. They require a phylogenetic hypothesis in order to distinguish homology from homoplasy. We need to see when and where a feature (character) arises in a lineage; we then can see if it is retained or modified. We can see if a character arises in diverse lineages, and if it has similar features of origin, position, etc., or not. Wagner (1989) has proposed an operational way to look at the origin of (morphological) characters and the biological basis of homology.
THE PROBLEM OF HOMOLOGY
Homology has long been a topic of interest in evolutionary biology and morphology. Homology is the possession by two or more species of a trait or traits derived, without modification, from the species' common ancestor (Futuyma, 1986) . The detection of homology is the central endeavor of comparative morphology, and to some degree, comparative physiology. Homologues are the basis of the reconstruction of phylogenetic history, usually using morphological data and methods. The determination of the biological basis of homology is beclouded by equivocation about the term "character" (Wagner, 1989 ). Wagner defines a morphological character as a body part or an attribute predicated of a part (his example is that the dorsal fin of a teleost is a character, a body part; the number of rays of that fin is an attribute, or character, as well). Two definitions of homology are operational today, and are in some conflict. One is that of comparative morphology in that homology is the correspondence between parts of the body, often due to developmental origin, regardless of form and function (this is of little use in systematics). The other is that homology is the similarity of traits or characters because of common descent, no matter what the source of the character. Patterson (1982) considers homology to be a property of a monophyletic group, and effectively a statistical concept. Homologues, then, to a systematist, are synapomorphies, or shared, derived characters. This, however, is not useful for a biological homology concept. Homoplasies are convergences, parallelisms, and reversals, including as convergence analogy, mimicry, and chance similarity (Patterson, 1982) .
A major question is how one identifies homologies. Common ancestry is not entirely satisfactory for biological homology, for it is well known that the inductive stimuli for homologous parts can vary. For example, Meckel's cartilage is induced by pharyngeal endoderm in amphibians, cranial ectoderm in birds, and mandibular epithelium in mammals (Hall, 1983) . Wagner (1989) also cites Thorogood's (1987) work showing that primary mesoderm and neural crest in different proportions give rise to cartilage. The point is that content and origin can vary, so similarity of homologous characters cannot be explained or caused by invariance of developmental pathways. Wagner considers homologues to be heritable semiautonomous units of the phenotype individuated by a unique developmental organization, acquired only once by a lineage or group. Homology, then, is similarity of position with respect to other structures in different species (criterion of position) and similarity of position of component parts with respect to each other (criterion of structure). Wagner notes that the greater the complexity with similarity gives confidence in inferring homology. His position is not too different from that of Patterson (1982) and Wiley (1981) , who use criteria of similarity (ontogeny, topography, and composition), congruence (with other identified homologies), and conjunction (if supposed homologies occur in the same organism, they cannot be homologies) in order to ascertain phylogenetic homology. Wagner (1989) , though, fine-tunes the definition and identification of homology by incorporating both biological and phylogenetic elements, and thereby provides an operational way for assessing homology. I hope to illustrate ways this can work in evaluating hypotheses of the evolution of viviparity through careful assessment of homology, homoplasy, and phylogeny.
I will examine the evolution of placentae and corpora lutea. Much of what I say will be general and self-evident, and standard practice for many of us. However, I would like to put some of these ideas in an explicitly phylogenetic context, and to sort out operationally homologies and homoplasies. Particularly difficult areas are those in which morphological or structural homology might be relatively clear, but function is not, and those in which early developmental similarity is similar, but the final structure is not. I am especially concerned with features that are clearly homoplasies (usually convergences), but for which there is strong structural similarity. I will speculate on the apparent morphological, developmental, and physiological constraints that may be involved in homoplasic conservatism. I will also re-examine some of the evolutionary scenarios in the study of viviparity, and suggest that new ideas and methodologies for analysis open new interpretations and new testable hypotheses. SCENARIO 1: PLACENTATION In general, "placentation" is considered to be of two major types-one involving extraembryonic membranes and implantation or association with the maternal oviductal epithelium, and the other the elaboration of "placental analogues," some maternal and some embryonic, that serve for gaseous exchange and for nutrient acquisition. I will focus on those modes that involve elaboration of extraembryonic membranes and maternal associations in order to analyze the constraints that appear to be involved in the evolution of such structures, though this ignores the great diversity of placental analogues that involve other kinds of tissues, largely embryonic rather than maternal, and other means of obtaining nutrition possessed by some fishes and amphibians.
The general "evolutionary scenario" of the evolution of the placenta in vertebrates (Amoroso, 1952) involves elaboration of the yolk sac and its vascularization with particular sites of association with the maternal oviduct (the yolk stalk may also develop structures apparently involved in nutrient transport), then association of additional extraembryonic membranes to form a placenta (either de novo or in sequence), of the chorioallantoic type that is associated with the maternal oviductal (uterine) epithelium, often with reduction of cell layers between the maternal and embryonic circulations. Everyone knows that these transitions have apparently occurred many times in many lineages, and that different taxa exhibit different stages in the transitions, yet it is only recently that this hypothesis of evolution has been rigorously analyzed in a phylogenetic context. For example, the reptilian transition has been compared to the mammalian and called homologous (Weekes, 1935) . Recently, however, new attention has been paid to the evolution of viviparity in reptiles, especially to structure and function of reptilian placentae. Stewart (1989) and Stewart and Blackburn (1988) have analyzed the structure of the yolk sac and chorioallantoic placentae of diverse squamates and rigorously presented the structural and physiological differences among types formerly assumed to be the same. They clearly illustrate that the supposed parallels between squamate and mammalian tissue associations that were construed to indicate homology are not the same at all. Different and specific regions of extra-embryonic association with the oviductal epithelium are revealed, and the membranes themselves have different patterns of modification. Most importantly, they have proposed a new classification of reptilian placentae that is based on structure and implantation phenomena. The terminology implicitly and explicitly recognizes that reptilian placentae are new inventions, homoplasies, that arise in a number of squamate lineages. It provides definition and terminology for categorizing such structures, allowing rigorous analysis in a phylogenetic framework. The "big picture" can now be tested by investigating the kinds of livebearing represented by species within monophyletic groups. One example of that approach is that of Marlor (1990) . She is examining the evolution of viviparity in lizards of the genus Phrynosoma, for which there is a robust phylogenetic hypothesis, based on morphological data. There are two major radiations of species in the genus, one in the northern deserts, one in southern. The stem groups for each sub-lineage are oviparous; viviparity has evolved independently in species in each lineage. Marlor is comparing the similarities and differences in structures associated with viviparity in these radiations. She predicts that the transitions postulated based on cross-species comparisons will likely be demonstrated, but new information about their structure, development, and function will permit new hypotheses of causation and correlation, and potentially pattern and process of evolution of placental viviparity. SCENARIO 2: THE CORPUS LUTEUM Browning's (1973) splendid discussion of the evolution of the corpus luteum provides much scope for analysis. Browning reviewed the occurrence of the two types of corpora lutea in vertebrates, finding corpora lutea of atresia and corpora lutea of ovulation present in elasmobranchs, corpora lutea of atresia dominant in teleosts and amphibians, corpora lutea of ovulation predominant in reptiles and mammals, and both types ephemeral in birds. I am particularly interested in his comments on the evolution of endocrine function, especially in corpora lutea atretica, as associated with the evolution of viviparity.
I have been taken to task (Wourms et al, 1988) for speculating that there might be general similarity of endocrine maintenance of gestation in vertebrates, including teleosts (Wake, 1985) . I review the arguments in this situation, and following upon Browning's ideas, propose a mechanism for this similarity and a way of testing it. I argued that since teleosts do not develop oviducts derived from Miillerian ducts as occurs in virtually all other vertebrates, sites of development of internally fertilized and retained developing ova might be other sites competent or responsive to a hormonal regime that maintains gestation, such sites being the ovarian lumen or the follicle. Wourms et al. were particularly concerned that I based this suggestion on inference from morphology, apparently without endocrinological data to support the idea (inference of function from structure is standard practice of evolutionary morphologists to develop testable hypotheses). Certainly in cases of intrafollicular development, corpora lutea of ovulation are not possible, because as Wourms (1981) and Wourms et al. (1988) note, "ovulation" takes place after fertilization and development, and effectively expels the young from the follicle. However, Browning reviewed work on poeciliids that suggests that corpora lutea atretica might have endocrine function in preventing ovulation from the follicle, though there likely is not a role in maintenance of gestation. He suggested, though, that estrogen and progesterone stored in yolk could provide an embryonic control of follicular vascular response, oocyte maturation, and gestation length. In embiotocids, corpora lutea atretica develop early, perhaps to stimulate secretory activity of the ovarian epithelium and to reduce the number of fertilizible ova to one appropriate to viviparity, according to Browning. New corpora lutea atretica form throughout gestation, and may be involved in gestation maintenance. Browning concluded that the independent occurrence of viviparity among vertebrates means that there cannot be a single evolutionary history of the corpus luteum. He found it evident that follicular structure per se dictates its utilization as a source of hormones, so, given few possibilities available, he believed it logical that corpora lutea atretica or corpora lutea of ovulation have been used to support gestation. I concur with these conclusions, and find the data suggestive of homology of corpora lutea, with modification within and among different lineages in expression of hormone and of use of that hormone. I suggest that corpora lutea are homologous, the product of elimination of the ovum, either by atresis or by ovulation, and then modification of a granulosa layer through alpha, beta, or more extended functional stages. Further, I consider it probable that the different termination stages of corpora lutea atretica, the development of corpora lutea of ovulation, and the lengths of time that these are maintained, are evidence of heterochrony, or change in developmental trajectory. Heterochrony can only be evaluated comparatively, preferably among species within monophyletic lineages. It is a relative concept, dependent on an assumption of an ancestral state (Alberch et al., 1979) . A well developed example of heterochrony is that of neoteny in salamanders, in which gills and other larval features are retained throughout life, though the animal matures sexually. In few instances is there evidence for the factor that causes alteration of developmental rate relative to sister taxa, but there is a large and growing body of evidence in support of the existence of the phenomenon. I construe the comparative development of corpora lutea similarly. Maturation of corpora lutea atretica may stop at different stages, through different ways (prolonged time before the "offset" signal occurs; threshold effects, etc.; see formalization of Alberch et ai, 1979) . The hypothesis of heterochrony is testable by comparing structure (and function) in members of lineages that have different expressions of corpora lutea. It is amenable to experimental manipulation as well. As evidence accrues for presence of receptor sites in oviducts, as well as ovaries, for estrogens and progesterones, and for relaxin in sharks through the work of Callard and his associates (Koob et ai, 1984; Reese and Callard, 1989; Tsang and Callard 1 1987) , the notion of convergence of competent sites for maintenance of gestation (Wake, 1985) also gains support.
CONSTRAINTS IN VIVIPARITY
A major topic of interest recently has been the similarity of the structures associated with viviparity in vertebrates, and the apparent similarity of their developmental patterns. Wake (1985) and Wourms et al. (1988) both have made that point. It is of particular interest when we emphasize that we are dealing with multiple convergences, rather than homologous structures derived from an ancestor and retained in a lineage. Why there is so little variation, why all potentially possible morphologies are not realized in nature is a topic being explored by evolutionary morphologists. Again, I suspect that one answer to this question may be that heterochrony, or change in developmental rate so that thresholds of development are changed (structures can be absent, for they never develop; they can be changed, through additional growth, etc.) is involved. The oviductal (or ovarian or follicular) epithelium becomes hyperemic and secretory under the influence of the same hormones produced by the same structure, at least initially, in all viviparous vertebrates. The evolution of the placenta as an endocrine organ, possibly in several lineages, is a central research question. Though the placental analogues among fishes and amphibians seem incredibly diverse, Wourms et al. (1988) note that potentially the same suite of genes may be regulating the developmental program, so that there is considerable convergence across lineages. They share a feature with the extra-embryonic membranes that give rise to placental associations in that they are highly vascular structures, so that functional demands must be considered when examining possible sources of variation.
CONCLUSIONS
This consideration of evolutionary scenarios has emphasized testability in monophyletic groups. Delineation of homology vs. homoplasy is similarly testable, and in fact required in order to understand pattern of evolution. Finally, it is important to recognize that those of us who are morphologists, endocrinologists, developmentalists, etc., who put our work in an evolutionary context are not constrained by phylogenetic tools, but in fact we can contribute to phylogenetic analysis. It is useful to have a robust phylogenetic hypothesis within which to sort out homology and homoplasy, and to test evolutionary scenarios. However, we can contribute to phylogenetic analysis by offering new data, and identifying new problem areas. Our data may even help resolve major phylogenetic questions, such as the relationships of the amniotes. We can see which hypotheses are supported by our data, and where there is non-congruence. In summary, when, and only when, we wish to place our work in an evolutionary context, we can and should make use of rigorous methods of modern evolutionary biology.
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